To investigate the relation between plasma concentrations of lutein and zeaxanthin and age-related macular degeneration in a group of elderly men and women. METHODS. The Wisconsin Age-Related Maculopathy Grading System was used to grade features of early and late macular degeneration in 380 men and women, aged 66 to 75 years, from Sheffield, United Kingdom. Fasting blood samples were taken to assess plasma concentrations of lutein and zeaxanthin. RESULTS. Risk of age-related macular degeneration (early or late) was significantly higher in people with lower plasma concentrations of zeaxanthin. Compared with those whose plasma concentrations of zeaxanthin were in the highest third of the distribution, people whose plasma concentration was in the lowest third had an odds ratio for risk of age-related macular degeneration of 2.0 (95% confidence interval [CI] 1.0 -4.1), after adjustment for age and other risk factors. Risk of agerelated macular degeneration was increased in people with the lowest plasma concentrations of lutein plus zeaxanthin (odds ratio [OR] 1.9, 95% CI 0.9 -3.5) and in those with the lowest concentrations of lutein (OR 1.7, 95% CI 0.9 -3.3), but neither of these relations was statistically significant. CONCLUSIONS. These findings provide support for the view that zeaxanthin may protect against age-related macular degeneration. (Invest Ophthalmol Vis Sci. 2003;44:2461-2465) DOI: 10.1167/iovs.02-0929 A ge-related macular degeneration is the most common cause of blindness and visual impairment in elderly people in the developed world, but its etiology is poorly understood. In recent years, there has been increasing speculation that the xanthophyll carotenoids lutein and zeaxanthin may play a role in the pathogenesis of this disease. Lutein and zeaxanthin are the main constituents of the macular pigment of the retina.
A ge-related macular degeneration is the most common cause of blindness and visual impairment in elderly people in the developed world, but its etiology is poorly understood. In recent years, there has been increasing speculation that the xanthophyll carotenoids lutein and zeaxanthin may play a role in the pathogenesis of this disease. Lutein and zeaxanthin are the main constituents of the macular pigment of the retina. 1, 2 Macular pigment is thought to protect against retinal damage by filtering out phototoxic short-wavelength visible light and by defending rod outer segment membranes from oxidative stress. [3] [4] [5] People with high macular pigment density have been shown to retain visual sensitivity at older ages, 6 and results of case-control studies suggest that such persons have a reduced risk of age-related macular degeneration. 7, 8 There is evidence in humans that macular pigment density can be increased by raising the intake of lutein and zeaxanthin, 9 -11 but whether these carotenoids can prevent the development of age-related macular degeneration remains unclear.
We used the Wisconsin Age-Related Maculopathy Grading System (WARMGS) 12 to assess macular changes in a group of elderly men and women. Our objective was to investigate the relation between plasma concentrations of lutein and zeaxanthin and the presence of age-related macular degeneration.
METHODS Participants
In recent years, the Medical Research Council (MRC) Environmental Epidemiology Unit has performed several studies on cohorts of people born in the Jessop Hospital for Women, Sheffield, United Kingdom, whose recorded birth measurements are still available. The members of these birth cohorts were traced in the National Health Service Central Register, and those still living in the city were invited to take part in research into the processes by which environment in early life influences adult disease.
We took the opportunity to examine the relation between plasma concentrations of lutein and zeaxanthin and age-related macular degeneration in a group of men and women aged 66 to 75 years who had taken part in one of these studies in Sheffield. One of the purposes of this study 13 had been to examine the relation between size at birth and risk of age-related macular degeneration. The study has been published. Briefly, we asked the Office for National Statistics to trace all 4793 people whose births were recorded between 1922 and 1930. Only those still living in Sheffield were eligible to take part in the study. A stratified sample of 746 people, comprising all 236 subjects from the highest and lowest fifths of birthweight and 85 randomly chosen subjects of each sex from each of the three intervening fifths of birthweight, was selected. After obtaining permission from their general practitioners, we wrote to 660 people asking whether we could interview them at home. Of those, 412 (62%) agreed to be interviewed by a field-worker. Of these, 392 (95%) were willing to attend a clinic.
Measurements
During the interview, the field-worker inquired about smoking habits, alcohol consumption, history of cardiovascular disease, education, and the most recent occupation of the participant or her husband. Height was measured with a portable stadiometer, and body weight was also measured.
At the clinic, fasting venous blood samples were taken for measurement of serum total cholesterol and plasma concentrations of carotenoids and vitamin E. All samples were stored at Ϫ80°C for later analysis.
Subsequently, plasma samples (500 mL) were treated with SDS (0.5 mL, 10 mM) and ethanol to precipitate plasma proteins. Carotenoids and vitamin E (as ␣-tocopherol) were extracted twice by the addition of hexane (2 mL), and the pooled hexane fraction was dried with a stream of nitrogen gas. The dry residue was dissolved in dichloromethane (100 L) before adding 400 L of acetonitrile-methanol (79:21 vol/vol). Pure commercial standards of carotenoids and ␣-tocopherol were used in the assays. Carotenoids and ␣-tocopherol were measured by high performance liquid chromatography 14 (HPLC; model 1100; Hewlett-Packard, Palo Alto, CA) The column system consisted of a 10-mm, 5-m metal-free guard column, with a 100 ϫ 4.6-mm, 5-m metal-free column (model ODS2; Hewlett-Packard) connected to a 250 ϫ 4.6-mm, 5-m analytical column (model 201TP54; Vydac, Hesperia, CA). The mobile phase consisted of acetonitrile, methanol, and dichloromethane (75:20:5 vol/vol/vol). Peak responses were measured at 450 nm (for carotenoids) and 294 nm (for ␣-tocopherol) using an ultraviolet-visible detector (model G1315A; Hewlett-Packard). Intraassay variability was less than 8.5% for lutein, ␤-cryptoxanthin, ␤-carotene, and vitamin E, 15.4% for lycopene and 36.6% for zeaxanthin. Inter-assay variability was less than 15% for lutein, ␤-cryptoxanthin, ␤-carotene, and lycopene; 19% for vitamin E, and 46% for zeaxanthin. (The larger variability in the measurement of zeaxanthin was due to difficulties in separating its small peak and interference from minor components that occur in the same part of the chromatogram.)
Participants underwent an examination by an ophthalmologist who determined the refractive error by measuring the participants' usual distance glasses with a lens meter (model LM-350; Nidek Co., Ltd., Aichi, Japan) after first assessing each eye's visual acuity (at 4 m) with a logarithm of the minimum angle of resolution (logMAR) chart (BaillieLovie LogMAR chart; Lighthouse Enterprises, Long Island City, NY). Retinoscopy and subjective refraction were performed on all eyes that failed to read logMAR 1.2 or better. Participants who did not habitually wear distance glasses were assumed to be emmetropes if their unaided visual acuity was logMAR 1.2 or better. We calculated the spherical equivalent for each eye by adding the spherical error to half the cylindrical component.
The participants' pupils were dilated with tropicamide 1% and phenylephrine 2.5%, and two pairs of stereoscopic fundus photographs were taken of each eye on transparency film (E100S; Eastman Kodak, Rochester, NY) with a fundus camera (Carl Zeiss; Oberkochen, Germany) equipped with an Allen stereo-separator. 15 The stereo pairs were centered on the optic disc and on the center of the macula according to the recommendations of the WARMGS. 12 One observer (NH) graded each eye for the features of age-related maculopathy and age-related macular degeneration with the WARMGS, using a standard light box, stereo magnifier, and the grids and standard circles supplied by WARMGS. Features of early macular degeneration included the presence of large (Ͼ125-m diameter) distinct, indistinct, confluent, or reticular drusen, or hypo-or hyperpigmentation. Features of late macular degeneration included either geographic atrophy or changes typical of exudative macular degeneration. The eyes were then categorized according to the presence of early or late macular degeneration, as defined by WARMGS.
Participants were defined as having early or late macular degeneration or no macular degeneration according to the status of their worse eye. Twelve participants were excluded from the analysis because of missing data (n ϭ 1), myopic macular degeneration (n ϭ 4), hypertensive maculopathy (n ϭ 3), diabetic maculopathy (n ϭ 2), or other non-age-related maculopathy (n ϭ 2). The analyses that follow are therefore based on 380 participants.
The research adhered to the tenets of the Declaration of Helsinki. The study was approved by the South Sheffield Research Ethics Committee, and all participants gave written informed consent.
Statistical Analysis
We used the two-sample t-test (for continuous variables with a normal distribution), the Wilcoxon rank-sum test (for continuous variables with a skewed distribution), and the 2 test to analyze the relation between presence or absence of macular degeneration and potential risk factors. The potential risk factors examined in addition to plasma zeaxanthin, lutein, and lutein plus zeaxanthin were age, sex, body-mass index, pack years smoked, alcohol consumption (including beer and wine intake), serum total cholesterol, history of coronary artery surgery or angioplasty, social class, education, and average spherical equivalent. We used logistic regression to analyze the relation between plasma concentrations of lutein, zeaxanthin, and lutein plus zeaxanthin and risk of macular degeneration, with adjustment for other risk factors. In the multivariate models, we included all risk factors that were associated with the presence or absence of age-related macular degeneration with a significance level of P Ͻ 0.10. As lutein and zeaxanthin are lipid-phase nutrients and correlated with serum total cholesterol in these data (r ϭ 0.276 and r ϭ 0.218, respectively), serum total cholesterol was included in the multivariate analyses. Pack years smoked was also included in the multivariate analyses because it has been shown to be a risk factor for age-related macular degeneration in previous studies and was inversely related to plasma zeaxanthin levels in these data (r ϭ Ϫ0.109). Odds ratios (OR; with 95% confidence interval [CI] ) are shown according to thirds of the distribution of the lutein and zeaxanthin variables. Probabilities are shown for the trend in the odds ratios across the groups.
RESULTS
Of the 380 participants (207 men and 173 women) included in the analysis, 78 (20.5%) had signs of either early or late agerelated macular degeneration. Sixty-four (16.8%) participants had early and 14 (3.7%) had late macular degeneration. Because of the small number with late macular degeneration, early and late were combined for the analysis. Table 1 shows the characteristics of the men and women who took part in the study, according to the presence or absence of macular degeneration. Compared with those without the disease, participants with macular degeneration were older and were more likely to have a history of coronary artery bypass grafting or angioplasty. Total alcohol consumption did not differ in people with or without macular degeneration, but a significantly larger proportion of those with the disease reported that they drank beer at least once a week. Participants with macular degeneration tended to be more hypermetropic than those without, but this difference was of borderline statistical significance. There were no statistically significant differences between the groups in sex, body-mass index, serum total cholesterol concentration, social class, education, or smoking habits, although men and women with macular degeneration tended to have smoked more cigarettes. Plasma concentrations of zeaxanthin were significantly lower in people with macular degeneration, 30 nM compared with 36 nM in those without the disease. Concentrations of lutein and lutein plus zeaxanthin were also lower, but these differences were not statistically significant.
We calculated odds ratios for age-related macular degeneration according to thirds of the distribution of plasma zeaxanthin, lutein, and lutein plus zeaxanthin. In the multivariate models we adjusted for all risk factors that were associated with macular degeneration with a P Ͻ 0.10 (age, beer consumption, history of angioplasty or coronary artery bypass grafting and hypermetropic refractive error). We also adjusted for serum total cholesterol, because zeaxanthin and lutein are lipid-phase nutrients, and for pack years smoked, because this has been shown to be a risk factor in previous studies and was inversely related to zeaxanthin levels in our participants (r ϭ Ϫ0.109, P ϭ 0.034).
Risk of age-related macular degeneration was highest in participants who had the lowest plasma concentrations of zeaxanthin (Table 2) . Compared with those whose plasma zeaxanthin was in the highest third of the distribution (Ͼ46.3 nM), men and women whose plasma zeaxanthin was in the lowest third of the distribution (Յ26.5 nM) had an odds ratio for age-related macular degeneration of 2.2 (95% CI 1.1-4.2), after adjustment for age. This relation remained statistically significant after further adjustment for other risk factors in multivariate analysis (P for trend ϭ 0.046). The odds ratio for risk of age-related macular degeneration among those with the lowest zeaxanthin concentrations was 2.0 (95% CI 1.0 -4.1), after adjustment for age and other risk factors. Plasma concentrations of lutein were not significantly associated with agerelated macular degeneration, although the odds ratio was higher in participants in whom lutein levels were in the lowest third of the distribution (OR 1.7, 95% CI 0.9 -3.3). There was no statistically significant relation between risk of age-related macular degeneration and levels of lutein plus zeaxanthin when we adjusted only for age. When the other risk factors were included in the multivariate model, the relation became slightly stronger but it was of borderline statistical significance (for trend, P ϭ 0.090). Men and women whose plasma concentrations of lutein plus zeaxanthin were in the lowest third of the distribution (Յ172.1 nM) had an odds ratio of 1.9 (95% CI 0.9 -3.5), compared with those whose plasma concentrations were in the highest third of the distribution (Ͼ247.9 nM). Participants with higher plasma concentrations of lutein or zeaxanthin also tended to have higher concentrations of vitamin E and the carotenoids ␤-carotene, lycopene, and ␤-cryptoxanthin. To investigate the possibility that one of these nutrients might explain the relations found between plasma zeaxanthin or plasma lutein plus zeaxanthin and risk of macular degeneration, we repeated our analyses adjusting for each of these potential confounders in turn and found little effect on estimates of risk (data not shown).
DISCUSSION
In this survey of men and women aged 66 to 75 years, we found a statistically significant trend between plasma concentrations of zeaxanthin and risk of age-related macular degeneration, after adjustment for age and other risk factors. People with the lowest plasma concentrations of this xanthophyll carotenoid had a two-fold increase in risk compared with those with the highest concentrations. There were no statistically significant trends between plasma concentrations of lutein alone or lutein plus zeaxanthin and age-related macular degeneration, though risk was nonsignificantly increased in people with the lowest concentrations.
Our study has some limitations. The cross-sectional design makes it impossible to be certain whether our assessment of plasma lutein and zeaxanthin concentrations provides an accurate reflection of concentrations in the period before the development of macular degeneration. Although there was a reduced risk of age-related macular degeneration in people with higher plasma concentrations of zeaxanthin, it is possible that this was due, not to the protective effects of a high intake of zeaxanthin-rich foods but to some other characteristic of diet or way of life. Furthermore, our study was based on 392 participants who agreed to attend a hospital clinic-53% of the 746 people we selected to take part in the study. The men and women in our study cannot be considered representative of all elderly people in Sheffield, because they have continued to live in the city in which they were born. However, in the statistical analysis, all comparisons were made within the group who participated. We do not think that nonresponse or our inability to follow up all members of the original cohort biased the results, unless the relation between zeaxanthin status and agerelated macular degeneration differs in nonresponders or in people who have died or moved away. Attrition of numbers, even if rates vary by disease status or risk factor, does not by itself bias estimates of risk. Bias arises only if attrition in a disease category varies according to risk factors. This variation might have happened in our study if, for example, people with both age-related macular degeneration and a high plasma concentration of zeaxanthin had decided that they would not take part. Our information about nonparticipants is limited to data contained in their birth records. However, the fact that there were no statistically significant differences in age between the 380 men and women included in our analyses (69.5 Ϯ 2.1 years [SD]), the 20 individuals who agreed to be interviewed but did not attend our clinic (69.9 Ϯ 2.0 years), and the 334 who were selected but did not participate in the study (69.8 Ϯ 2.4 years) suggests that people with age-related maculopathy were not less likely to take part. Further reassurance on this point comes from the fact that the prevalence of early and late age-related macular degeneration in our study (16.8% for early macular degeneration and 3.7% for late macular degeneration) is similar to that found among people of the same age range in the Beaver Dam Eye study (18% and 1.4%, respectively). 16 Plasma concentrations of zeaxanthin and lutein plus zeaxanthin among our participants tended to be slightly lower than those recorded in the Beaver Dam study, 17 but this could be due to the higher proportion of smokers and elderly people in our study and to the fact that our measurements were made in fasting blood samples, rather than in nonfasting samples as were used in Beaver Dam.
Most previous studies that have examined the relation between lutein and zeaxanthin status and risk of age-related macular degeneration have analyzed the combined concentration of these two carotenoids, rather than looking at levels separately. Only one study found a significant association between blood concentrations of lutein plus zeaxanthin and risk of age-related macular degeneration. In the Eye Disease CaseControl Study of 421 cases and 615 control subjects, people with high serum concentrations of lutein plus zeaxanthin had a reduced risk of neovascular or exudative age-related macular degeneration. 18 In the third national health and nutrition examination survey (NHANES) of more than 8000 people, there was a nonsignificant inverse association between serum concentrations of lutein plus zeaxanthin and risk of late age-related macular degeneration, but this was not present for risk of two early signs of macular degeneration: soft drusen and pigmentary abnormalities. 19 Lutein and zeaxanthin concentrations were analyzed separately in a small case-control study nested in the Beaver Dam cohort. No differences were found between cases and controls, but these separate analyses were performed only on a subsample of participants, and, because of concern about lack of statistical power, it was decided not to proceed with separate analyses in the entire sample. 17 Our finding that risk of age-related macular degeneration was significantly higher in people with low levels of zeaxanthin, but not in those with low levels of lutein, suggests that the use of the sum of these xanthophyll carotenoids in previous investigations may have obscured evidence of zeaxanthin's protective role. It is possible that the results shown herein underestimate the true size of the risk associated with a poor zeaxanthin status. Imprecision in its measurement in our study would tend to bias estimates of risk toward unity.
Studies of the relation between diet and age-related macular degeneration have provided little evidence that lutein and zeaxanthin might be protective, but none of them have presented data for these carotenoids separately. High dietary intake of lutein and zeaxanthin combined was associated with a significantly lower risk of neovascular age-related macular degeneration in the Eye Disease Case-Control Study. 20 Risk was particularly low in those who were frequent eaters of spinach or collard greens, both rich sources of these carotenoids. In the third NHANES, significant inverse associations were found between consumption of lutein and zeaxanthin and risk of pigmentary abnormalities or late age-related macular degeneration, but only in the youngest age groups who were at risk of these conditions. There was no evidence in the study population as a whole that higher intakes of these carotenoids might protect against early or late age-related macular degeneration. 19 In the Beaver Dam Eye Study, there were no statistically significant correlations between intake of lutein and zeaxanthin and the prevalence of early or late age-related macular degeneration 21 or the incidence of early macular degeneration. 22 Lutein and zeaxanthin may have different functions in the retina. Support for this comes from the fact that their distribution varies systematically, with zeaxanthin the dominant component in the central macula, whereas lutein dominates in the peripheral retina. 2, 23 They also differ in their orientation within biological membranes. 24 Although both protect the lipid matrix from free radical attack, zeaxanthin has been shown to be a better photoprotector during prolonged exposure to ultraviolet radiation. 24 No data are available on lutein's ability to preserve photoreceptors in vivo, but in a recent study of quail, involving manipulation of the diet, higher retinal zeaxanthin markedly reduced light-induced photoreceptor cell death. 25 Whether these xanthophyll carotenoids vary in the way in which they influence risk of age-related macular degeneration is not yet clear. Our finding that plasma zeaxanthin, but not plasma lutein, is significantly associated with risk of age-related macular degeneration suggests that their roles may not be identical.
